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5-3cADPR受容体
心臓から調整されたRyRを含む人工膜にcADPRを添加して、RyRのCa2+遊
離チャネルの開口率増加を観察した実験により、cADPRの作用がタイプII
RyRの活性化であることが確立した43)｡RyRの活性化には、ある濃度のCa
2+が必要とされ44）、カルモジュ1ノン分子もcADPRによるRyRからのCa2+遊
離を増強する45）（図3）。
■■■■■■■■■■■
一方、骨格筋と心筋からRyRを精製中、免疫抑制剤として使われるFKSO6
に対する結合タンパク質FKBP12とFKBP12.6が同時に精製されることがわかっ
た46)。タイプIRyRにFKBP12が結合し47,48)、FKSO6の添加によりRyRか
らFKBP12が遊離し48)RyRカゴ活性化する49～5｣） O
同様の様式がタイプIIRyRにも考えられる。cADPRはFKBP12.6にKd値
3SmⅥで結合し、それはFKSO6の32nMと同等であること力ざ示言れ52，53)、
FKSO6の添加により、RyRタイプIIからのCa2+の遊離が生じる。また、
FKSO6添加後、cADPRによる遊離が減少することにより、同一サイトに作用
していることが示唆された。これらの事実からcADPRは、RyRに直接作用す
るのではなく、cADPR結合タンパク質を介して作用すると考えられる（図3)。
FKBP12のカルチニユー 'ﾉンの結合部位が、IP3受容体では、N末端側の400
-401番目のleucylprolineであることが示され48)、タイプIRyRでは2棚
LRSLVPLDDLV2468であることがわかった48,54)。このleuncylprolineの構造
がFKSO6の構造と似ているため、FKBP12がFKSO6と結合し、IP3受容体（ま
たはRyR)から遊離する事がCa2+チャネルを開くと考えられている（図3)。
図3cADPR受容体タンパク質とリアノジン受容
体(RyR)
タイプIIRyR(斜線）は，カルモジュリン(CaM)
とcADPR受容タンパク質(P12.6/cADPRBP)と連
関している．細胞内Ca2．の増加と,cADPRあるい
はFK506の存在で,RyRCaz,遊離チャンネルが開
く．cADPRあるいはFK506の結合によりP12.6/
cADPRBPは離れ，チャンネルの不活性化などが延
長する7&79)．
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Introduction
IncreasemmtracenularfreeCaｺﾞisasignaifOrvariouscellularresponses.Anelevationofcy[osolic
Ca2+concentration([Ca2*]i)resultseitherfiPomCa2+entlyorCa2~mobmzationfifomthemtracenular
Ca2*stores.Inthelattercase,inositoll,4,5-trisphosphate(Ins(1,4,5)P3)opensCa2等1℃leaSechannels
oflns(1,4,5)P3eceptors(Bemdge&Irvine,1989;Furuichi&Mikoshiba,1995).Theincreased
Ca>canmducefUrtherreleaseofCa2*fromthesecondCa2+poolwmchisryanodmeandcaffeme
sensitive(Endo,1977).T11ismechanismiscalledCa"-inducedCa2+Ielease(CICR),mwhichCa2+
releasechannelsofIyanodmereceptorsal巳mvoIvedeveninneurons(Kuba,1994).
Ryanodinereceptorsareconsistedofhomotetramericpeptideswhosemolecularmassofonesubu血
isabout500-560kDa(Takeshimaetal.,1989).Threeisofolmsofryanodinereceptorsal巳known
(seeSerendno,1995)．Typelismainlylocalizedmskeletalmuscle,andtypellincardiacmuscle,
whileinthenervoussystem[ypellisthemainryanodinereceptor,buttypelandnlalealsofOund
(Fuluichietal.,1994).Inskeletalmusclecells,typelreceptorsareconcentratedinsarcoplasmic
reticulum(SR)membraneandfbl･msthe"foot"structure(Iino,1999).InnuxofCa>throughLtype
voltagedependen[Ca2+channelsupondepolalizadonmcreasescellularCa2+(Catterall,1993),
subsequendythisCa2*activatesCICR,whichresultsinmusclecontraction(Tanabeetal.,l990).
Thissequenceiscalled"excitation-contractioncoupling''・TocoordinateCa2*amplificadonmore
efficiendy,thephysicalcontactbetweenL-typeCa2､channelsandtheskeletal-muscleisolbrms(type
I)ryanodinereceptorsisesdmated(Nakaietal.,1996andl998).
Ontheotherhand,nodiIectprotein-proteincouplinghasbeenrepol･tedbetweenothertypeof
ryanodinereceptorsandCa2+channels.However,inneuronalcells,alinkhomN-orL-type
voltage-activatedCa2+channelstoIyanodinereceptors(66anorthogradesignal'')(Daviesetal.,1996;
Empson&Galione,1997)andfUnctionalcouplingfifomlyanodinereceptorstoL-typeCa2*channels
(64aretrogradesignal'')havebeenreported(ChaviSetal.,1996).Themolecularmechanismand
responsiblesecondmessengersfbrsuchfilncdonalinteracdonsaIEnotyetclear.
Velyrecently,however,!wehavedemonstratedthatcyclicADPribose(cADPR)isinvolvedinthese
bidh℃ctionalcouplingbetweenlyanodinereceptorsandvoltagedependentCa"channelsin
mammalianneuronalcells(Hashiietal.,2000).InordertostressthiscADPR-dependentpl･ocessas
animportantsignalinginthenervoussystem,wehaveattemptcdtooverviewtheroleofcADPRin
neuronalCa2+signalinghomanewviewpointofreceptor-controlledcADPRsynthesisby
ADP-ribosylcyclase.
CyclicADPribose
BefbrestartingdescdptionofcADPR,fbrbetterunderstanding,IshowtheinU･acellulal･whole
tbatureofNAD+anditsmetabolites.Itisknownthestartingl･eactionsofNAUasthesubstrate,
conversion[ocADPRandADPRasmtennediatemetabolites,mono-andpoly-ADP-l･ibosylaUonof
proteins,andthemetabolicitlteofADPR・Thisfigureismodiliedfromtheoriginalligul．edescribed
byJacobsonandhisgroup(1993andl996).Enzymesinvolvedineachsteparelistedinthefigure
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specifIcbindmgproteins.FKBP12orFKBP12.6,thebmdmgprotemsfOrFK506ofan
immunosupressantdrug,iscopurifiedduringpurificationofryanodineeceptorsfromskeletalor
cardiacmusclece皿s(Jayaramanetal.,1992;Brillantesetal.,1994;Lametal.,1995;Timemanet
al.,1996).AssociadonofFKBP12tothecytoplasmicfaceofskeletaltype(typeI)ryanodine
receptorsblockschannelactivitymplanarlipidbilayers(Chenetal.,1994).FKBP12(Ahemetal.,
1997aandl997b)orFKBP12.6associatedwithryanodineeceptors(Xin,etal.,1999)isdissociaにd
byFK506-orrapamycin-addidontotheleactionmixture,whichinturnactivatesryanodinereceptors
(Allemetal.,1997aandl997b;Bargetal.,1976;Kaftanetal.,1976).
cADPRbmdstoFKBP12.6withtheKdvalueofabout35nM,whichisthesamevalueas32nM
fOrFK506nM(Noguchietal.,1997).UponFK506addition,Ca2+isleleasedfromtypell
ryanodineleceptors・PIenBapnentwithFK506ofryanodinereceptorsdecreasescADPR-induced
Ca2，肥leaSe,suggestingthatcADPRandFKSO6mtemctatthesamesiteonFKBP12.6(Fig.4).
TherefOre,itishighlypossiblethatcADPRfUnctionSontypellryanodineIeceptorsindil℃cdythrough
FKBP12．6ratherthandilectbindingtoryanodinereceptors,atleastinsometissuesuchaspancleatic
isletandcardiacmusclecells・T11ereisnoevidencetoshowonwhichsitecADPRactsinneuronand
gliacells.
IthasbeenshownthatFKBP12andcalcineurinbindatthel400thandl401stleucylprolineof
InsP3receptors(Cameronetal.,1997)andat2458LSLVPLDDLV2468intypellyanodinelBceptors
(Jayaramanetal.,1992).MolecularconfigurationofleucylprolinelesemblesthatofFK506.Inthe
plesenceofFK506,thus,FKBPl2dissociatesfromryanodinereceptorsandtendstobindwith
FK506.
TheprecisemechanismhowcADPRpotentiatesCa"releaseisnotcompletelyclear.However,
recently,onepossibilityhasbeenshownthatlemovalofFKBPl2ffomryanodinelBceptorstendsto
delaytheinactivation(closure)process(Xiaoetal.,1997).ThishelpsryanodmelEceptorchannelsto
keepattheopenstatefbrlongtime,whichcancontIibutetoanacceleraにdincreaseofcytosolicCa2+.
Insum,tWostepsofreguladonaIeestimatedinCa2+1eleasefromryanodmeIeceptors:(1)Ca2+asthe
directlfeyfactorfOropeningchannels.(2)Onceopened,channelsretainsatthe''open''stateby
cADPR.SuchdualregulationofryanodinelBceptorCa2+1℃leasechannelsenablestoperfbnnfiner
conU･ol.
ADP-ribosylcyclaseandCD3S
cyclicADP-Iiboseissynthesizedenzymadcally(RushinkoandLee,1989).ADP-Iibosylcyclase
catalyzesbothSynthesisofcADPRfiFomNAD*associatedwithIeleaseofnicotinamidelifomNAD+.
Inaddidontothisbifilncdonalenzymeaction,ADP-ribosylcyclasedilectlysynthesizesADPRfrom
NAD*,knownasNADglycohydrolase・NADglycohydrolaseisknowntobeplBsentinthenel･vous
systemfOrlongtime,beingitsfilnctionunclear(Snelletal.,1984).ADP-ribosylcyclaseislocalized
atbothmembraneandcytosoliclifactions.InApjysm,ADP-libosylcyclaseactivityinthecytosoleis
only30%and70%ofthetotalacdvityisrecoveledinthemembranefifaction(Lee,l997).The
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mvolvementofmcreasedcADP-ribosesynthesismupregulationofcardiacfunctionbysympathetic
stimulation.TbsupporttheroleOfADP-ribosylcyclasemcardiaccells,incIeasesofcytosolic
cADPReitherbyapplicadonofitthroughpatchpipettes(Iinoetal.,1997)orbyphotolysisofcaged
cADPRcanmmictheeffectofsympatheticexcitation,i､e・potentiationofcontrac曲ty.TheseeffectS
canbeantagonizedbyace皿pemeableantagonistfOrcADPR(RakOvicetal.,1996andl999)
AnotherexampleofB-adrenergicreceptorSiSfOundinratcomcalglialcells.AIelativelyhighraC
of[3H]cADP-riboseproductionconvertedfrom[3H]NAD+byADP-ribosylcyclase(2015±554
pmol/min/mgprotem)isdeCctedinthecnldemembranefraction,whichsharesabout50%ofthetotal
cyclaseactivity(Hottaetal.,2000).nlefOrmationlateof[3H]ADPRfromcADP-riboseby
cADP-ribosehydrolaseand/orfromNAD+byNADglycohydrolaseislowbutenrichesinthe
cytosolicfraction.NAD+mtheextrace皿ularmediumwasmetabolizedtocADP-ribosebyincubaUng
culmlesofmtactastrocytes.nleplesenceofTritonX-lOOinthemediumfbrpenneabilizingcells
alsoincIeasescADP-riboseproductionthl℃etimesasmuch.TheseresultssuggestthatADP-ribosyl
cyclaseisatleastpaltlylocardinthesurfacemembmneofcoITicalastrocytes,ahalfofwhichhas
extracenularaction.IsoproterenolandGTPincreased[3H}ADPRfbnnationincnldemembranesof
corticalastrocytes.themembrane-associatedcyclaseactivity・ThisisoproteIenol-inducedstimulation
ofthemembrane-associatedADP-ribosylcyclaseacdvitywasconfinnedbycyclicGDP-ribose
fblmationfluorometrically.Thisacdonwasblockedbythepriortleatmentofcenswithcholel･atoxin,
butnotbypertussistoxin.andthelemaininghalfhastheintracellularacnon.Theseresultssuggest
thatsignalSof6-adrenergicStimulationistransducedtomembrane-boundADP-ribosylcyclaseviaC
proteinswithinceUsurfacemembranesofastrocytes.
Inchromaffincells,stimulationwithCCh,excessKCldepolarizadonand8-bromo-cyclicAMP
inducesactivationofADP-ribosylcyclaseinmembranes(Morimetal.,1997)．Thisactivationis
dependentonCa2+influxandsubsequentproteinkinaseAactivation.TherefOre,proteinkinase
A-dependentphosphorylationofADP-ribosylcyclal3mayincleaseitscatalyticactivity・Inthiscase,
bothcytosolicandmembrane-boundADP-ribosylcyclasecouldbephosphorylated・Thisideaisalso
thoughtincardiacmusclecells,inwhichphosphorylationofmembrane-boundibrmofADP－l･ibosyl
cyclasecouldbephosphorylatedafteradIenergicsUmulationwhichislemainedtobeproved,sinceit
isthebestknowncAMP/theproteinkinaseAsignaltransduction.
CellularlocalizationofADP-ribosylcyclase
ADP-ribosylCyclaseactivitylevelincultuledastrocytesishigh.Onehalfofthemembmnebound
ADP-ribosylcyclaseislocalizedinthecellsurfaceandthemembrane-boundfbrmofcyclasehasits
actionintheextmcellularSpace・T11eextracellularlocalizationofthecatalylicdomainofADP-ribosyl
cyclasehasalreadybeenIepotedthatratcorticalastrocyteshaveextracellularcyclase(Pawlikowskaet
al.,1996).However,ourlesultsdifferfromthoseofPawlikowskaetal.(l996/inthat
ADP-ribosylcyclaseactivityinourresultsismuchhigherandisnotexclusivelyextracellularbut
intracellularaSwell.
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CD38ceUsuIfaceantigenpossessesADP-ribosylcyclase,cADP-ribosehydrolaseandNAD
glycohydrolaseactivides(Howardetal.,1993;Haradaetal..1993;Takasawaetal.,1993;Hoshino
etal.,1997;Umaretal.,1996;Prasadetal.,1996)andisdetectedmthecortexbymmunostaining
(Mizuguchietal.,1995/IthasbeenshownthatthecatalyticdomainofCD38islocalizedmthe
extlancenularSide(Tohgoetal.,1994;DeFIoraetal.,1996;Lee,1997).TherefOre,onepossibilityiS
that,mtactcoIticalastrocytes,cADP-riboseissynthesizedintheextrace皿ularSpacebyCD38-like
ADP-Iibosylcyclases,whichhaveextrace皿ularacdOn・Thus,extracenularADP-ribosylcyclasemay
playacmcialrolemneuronalsignaltransmissionatchemicalsynapsesbyIeguladngthe
concentrationsofNAU,cADP-riboseandADPRinthesynapticcleiipackedwithsurrounding
astrocytes(Pawlikowskaetal.,1996).
CellularresponsesinvolvedincADPR
IthaSbeenshownmatcatecholammesecretionwassenSitivetocaffemeandaryanodineleceptor
inhibitormchromaffincells(MoIimeta1.,1997).Fu曲ervalidationisnecessaryfOrthatupregulation
ofcADPRfbnnationinvolvedinsecredon.
Ca2､transientsevokedbyactivationofVACCsareprolongedbycaffeineatbothdistalandproximal
dendritesandsomaofneurons(Kanoeta1.,1995;KorkotianandSegal,1999).Thesel℃sults
suggestthatRyRsmaybeinvolvedinsynapticCa2+IeleasesignalingthroughVACCsinnolmalbrain
neurons.IfweassumethatthemechanismdescribedaboveinNGlO8-15neuronalcellsexistsin
intactbrainneurons,cADPRmaybeinvolvedinsynapUcCa2+signalingbyenhancingCICRresulting
fromactivationofL-typeVACCsatdendriticsynapses・Ofcoul･seinthiscase,itisnecessaryto
detenninewhichtransmitteroreceptoractivatesproductionofcADPRinneurons.Adiectevidence
hasbeenshownthatcADPRisinvolvedinlong-temsynapUcdepressioninhippocampus
(Reyes-Hardeetal.,1999)．ThesefindmgsimpncartheleleaseofinmcellularCa2*through
ryanodinelBceptorSinthelight-inducedphasedelayofthecil℃adianclock
lestrictedtotheearlynight(Dingeta1.,1998).
Finally,ithasbeenleportedthatapplicadonofcADPRintoNGIO8-15censfac1血terundownof
so-calledMcurrent,anon-inactivadngvoltage-dependentpotassiumcurrent(Bowdenetal,1999;
Higashidaeta1.,1995).ThiseffectofcADPRissuggestedtobenotdirectlycorIElatedwiththeCa
mobilizadonacdonofcADPR.ThusitisinteresdngtotestwhethercADPRmodulatepotassium
channelsviaaseparateroutewithanumberofmoleculartargets.
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